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a b s t r a c t
Wnt1 and Wnt3a secreted from the dorsal neural tube were previously shown to regulate a gene
expression program in the dorsal otic vesicle that is necessary for vestibular morphogenesis (Ricco-
magno et al., 2005. Genes Dev. 19, 1612–1623). Unexpectedly, Wnt1 /; Wnt3a / embryos also
displayed a pronounced defect in the outgrowth of the ventrally derived cochlear duct. To determine
how Wnt signaling in the dorsal otocyst contributes to cochlear development we performed a series of
genetic fate mapping experiments using two independent Wnt responsive driver strains (TopCreER and
Gbx2CreER) that when crossed to inducible responder lines (RosalacZ or RosazsGreen) permanently labeled
dorsomedial otic progenitors and their derivatives. Tamoxifen time course experiments revealed that
most vestibular structures showed some degree of labeling when recombination was induced between
E7.75 and E12.5, consistent with continuous Wnt signaling activity in this tissue. Remarkably, a
population of Wnt responsive cells in the dorsal otocyst was also found to contribute to the sensory
epithelium of the cochlear duct, including auditory hair and support cells. Similar results were observed
with both TopCreER and Gbx2CreER strains. The ventral displacement of Wnt responsive cells followed a
spatiotemporal sequence that initiated in the anterior otic cup at, or immediately prior to, the 17-somite
stage (E9) and then spread progressively to the posterior pole of the otic vesicle by the 25-somite stage
(E9.5). These lineage-tracing experiments identify the earliest known origin of auditory sensory
progenitors within a population of Wnt responsive cells in the dorsomedial otic cup.
& 2015 Elsevier Inc. All rights reserved.
Introduction
The mammalian inner ear is responsible for auditory and
balance perception. Clusters of mechanosensory hair cells posi-
tioned at six strategic locations within the inner ear operate as
sound and motion detectors that relay sensory information along
associated nerve ﬁbers to auditory and vestibular centers in the
brain (Schwander et al., 2010; Cullen, 2012; Yu and Goodrich,
2014). One such sensory cluster, the organ of Corti, is a specialized
auditory apparatus unique to mammals that comprises a single
row of inner hair cells, three rows of outer hair cells and a variety
of interspersed support cells that line the length of the cochlear
duct. The approximately 16,000 auditory hair cells in the human
ear discriminate sound frequencies according to a tonotopic map
that forms from high to low along the basal to apical axis of the
cochlear duct (Mann and Kelley, 2011). Irrevocable hair cell
damage caused by various gene mutations, environmental expo-
sures (loud noise, infectious agents, ototoxic drugs), as well as
aging, may result in hearing impairment. Consequently, a detailed
understanding of hair cell development continues to be warranted
not only to expand on the molecular and cellular underpinnings by
which this fascinating cell type forms, but to leverage this
information for the purposeful design of novel regenerative
medicine strategies in the treatment of hearing loss (Géléoc and
Holt, 2014).
The sensory and nonsensory cells that make up the organ of
Corti are derived from a common pool of epithelial progenitors
that form along the medial wall of the elongating cochlear duct
(Li et al., 1978; Corwin et al., 1993; Fekete et al., 1998; Jiang et al.,
2013). Sox2 is the earliest known marker of this prosensory
domain and is both necessary and sufﬁcient for its induction
(Kiernan et al., 2005; Pan et al., 2013). Multiple signaling pathways
have been implicated in the speciﬁcation, expansion and main-
tenance of the Sox2þ prosensory lineage, including Notch, Bmp,
Fgf and Wnt (Pirvola et al., 2002; Daudet and Lewis, 2005; Brooker
et al., 2006; Kiernan et al., 2006; Daudet et al., 2007; Ohyama
et al., 2010; Pan et al., 2010, 2013; Yamamoto et al., 2011; Jacques
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et al., 2012; Ono et al., 2014). Between E12.5 and E14.5, sensory
progenitors in the cochlear duct exit the cell-cycle in an apical-
basal progression and then, over the course of several days,
differentiate into hair and support cells following a reverse course
that initiates at mid-basal levels (reviewed in Kelley, 2006).
Although progress has been made in understanding the molecular
mechanisms that specify the prosensory domain and promote its
differentiation into distinct auditory cell fates, less is known about
the origin of the Sox2þ prosensory lineage at earlier stages of otic
development.
The majority of cells that constitute the inner ear derive from
the otic placode, an ectodermal thickening that forms adjacent to
the hindbrain in response to Fgf, Wnt and Notch signals (Ladher
et al., 2000, 2005; Phillips et al., 2001; Ohyama et al., 2006;
Jayasena et al., 2008; Chen and Streit, 2013; Sánchez-Guardado et
al., 2014). Soon after its induction at E8.5 in the mouse, the otic
placode invaginates to form the otic cup. Upon further growth and
dissociation from the surface ectoderm, the tips of the cup fuse at
the dorsal midline to form the otic vesicle (reviewed in Groves and
Fekete, 2012). A small number of neural crest and neuroepithelial
cells emerging from the dorsal neural tube also contribute to the
inner ear, including sensory, nonsensory and neuronal lineages
(Mayordomo et al., 1998; Streit, 2002; Freyer et al., 2011).
Lineage tracing experiments performed at the otic placode and
vesicle stages in the frog demonstrated that sensory patches
derive from multiple locations after extensive cell mixing (Kil
and Collazo, 2001). In contrast, gene expression studies in the
mouse and chicken suggest that markers of prospective utricular,
saccular and cochlear sensory patches reveal a strong anteroven-
tral bias by the otic vesicle stage (Morsli et al., 1998). Interestingly,
a dynamic distribution of retinoic acid signaling was shown to
specify cell fates along the anteroposterior axis of the otic cup,
with low levels contributing to sensory and neuronal identities in
the anterior compartment and higher levels promoting mostly
nonsensory structures in the posterior region (Bok et al., 2011).
Genetic fate mapping experiments of Ngn1 expressing cells in the
mouse are consistent with these ﬁndings, and indicate that in
some vestibular structures (utricle and saccule), hair cells and
their innervating neurons derive from common progenitors in the
anteroventral region of the otic vesicle (Raft et al., 2007). However,
since auditory hair cells were not labeled in these experiments, the
precise origin of this speciﬁc sensory lineage remains in question.
The Wnt/β-catenin signaling pathway is required for many
facets of inner ear development, including otic placode induction,
dorsal otic identity, vestibular morphogenesis, and the speciﬁca-
tion, proliferation and differentiation of prosensory progenitors
(Ladher et al., 2000; Stevens et al., 2003; Riccomagno et al., 2005;
Ohyama et al., 2006; Jacques et al., 2012; Rakowiecki and Epstein,
2013; Munnamalai and Fekete, 2013; Forristall et al., 2014; Shi
et al., 2014). Previously, we showed that Wnt1 and Wnt3a secreted
from the dorsal neural tube are required for the expression of
several key dorsal otic determinants, including Dlx5, Dlx6 and Gbx2
(Riccomagno et al., 2005). Consequently, vestibular development
was completely impaired in Wnt1 /; Wnt3a / embryos. Yet,
despite the normal appearance of ventral otic genes, cochlear
morphogenesis was also compromised in these mutants. This
result was surprising given our inability to detect Wnt signaling
activity in the ventral otocyst during the initial stages of cochlear
outgrowth. In an effort to reconcile these ﬁndings, we traced the
fate of Wnt responsive cells in the dorsal otocyst and observed
their contribution to the ventromedial wall of the cochlear duct.
Thus, the failure to expand the Wnt responsive cell population in
Wnt1 /; Wnt3a / embryos likely explains the ventral defects in
cochlear outgrowth (Riccomagno et al., 2005).
Several questions remain from this analysis. For instance, what
is the deﬁnitive fate of the ventrally extending population of Wnt
responsive cells? Do they contribute to some and/or all of the hair
and support cells in the organ of Corti? When and how do these
Wnt responsive cells move during otic development? How can one
be certain that this ventral-ward displacement of dorsal otic
progenitors is not simply an artifact of the TopCreER mouse line
used in these studies?
To address these outstanding questions, we performed a new
series of genetic fate mapping experiments using two independent
mouse lines (TopCreER and Gbx2CreER) that when crossed to an
inducible reporter strain (RosalacZ or RosaZsGreen) permanently
labeled dorsomedial otic progenitors and their derivatives. Tamox-
ifen time course experiments revealed that the majority of hair
and support cells within the organ of Corti derive from a popula-
tion of dorsomedial otic progenitors that become ventrally dis-
placed between E8.5 and E9.5. Similar results were observed with
both CreER lines. These and other results demonstrate that Wnt
responsive progenitors in the dorsomedial otic cup are the earliest
known origins of the cochlear sensory epithelium.
Materials and methods
Animals
RosaZsGreen/þ (Ai6 line in Madisen et al., 2010) and RosalacZ/þ
(Soriano, 1999) mouse lines were obtained from Jackson Labs (Bar
Harbor, ME). ZsGreen is an extremely bright green ﬂuorescent
protein from Zoanthus species reef coral, which was knocked in to
the Rosa 26 locus downstream of a ﬂoxed transcriptional stop
cassette (Matz et al., 1999; Madisen et al., 2010). TopCreER and
Gbx2CreER/þ mouse strains were described previously (Riccomagno
et al., 2005; Chen et al., 2009). The production of Ngn1Cre and
RosatdTomato/þ lines was described previously (Quiñones et al.,
2010; Madisen et al., 2010).
Tamoxifen administration
Tamoxifen was dissolved in corn oil and administered to
pregnant dams by oral gavage at a dose of 150 μg/g body weight
(Sigma Aldrich St. Louis, MO).
Timed matings
For time course experiments described in Fig. 6, matings were
set up during the day between 10 am and 4 pm with the midpoint
(1 pm) corresponding to embryonic day 0 (E0) upon the identiﬁ-
cation of a vaginal plug. Tamoxifen was administered to pregnant
dams at 8am on E7.75 of gestation and embryos were harvested
the following day between 12 pm and 6 pm. For all other timed
matings, noon of the day of vaginal plug detection corresponded
to E0.5.
Whole mount cochlear preparations
Cochleae from E18.5 embryos were ﬁxed in 4% paraformalde-
hyde for 3 h at 4 1C, washed in PBS, microdissected to expose the
sensory epithelium, and incubated with a rabbit anti-myosin VIIa
(1:500; Proteus Biosciences Inc) antibody, followed by a Cy3-
conjugated goat anti-rabbit secondary antibody (1:200). GFP
expression from the recombined RosaZsGreen/þ allele was detected
by direct ﬂuorescence using a Leica SP2 confocal microscope.
The number of co-labeled hair cells in a 40 cell wide area at the
base, midpoint and apex of the cochlear duct was counted from
three to four embryos per stage of tamoxifen treatment. An
unpaired t-test was performed to determine signiﬁcant differences
between regions.
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X-gal staining
The heads of E18.5 embryos were bisected at the dorsal mid-
line, the brains removed, and ﬁxed in 4% paraformaldehyde for 1 h
at 4 1C. Bisected heads were then incubated in X-gal staining
solution at 37 1C overnight according to Epstein et al. (2000), and
post ﬁxed for 3 h in 4% paraformaldehyde. The otic capsules were
dissected, dehydrated in a graded methanol series, and cleared
using a 1:2 solution of benzyl alcohol:benzyl benzoate. Cleared
inner ears were imaged on a Leica MZ16 dissecting microscope.
Immunohistochemistry
The heads of E18.5 embryos were bisected and the brains
removed, ﬁxed in 4% paraformaldehyde for 3 h, after which the
otic capsule was dissected out, cryoprotected in 30% sucrose
overnight, mounted in OCT embedding media (Sakura Finetek
Torrence, CA) and snap frozen. Embryos were sectioned at 14 μm
and stained with DAPI and the following antibodies: rabbit anti-
MyosinVIIa (Proteus Biosciences Ramona, CA); and rabbit anti-
Prox1 (Chemicon Billerica, MA) 1:500. Primary antibodies were
detected with one of the following secondary antibodies: donkey
anti-mouse IGG conjugated to Cy3 (Jackson ImmunoResearch
West Grove, PA) or Alexa488 (Molecular Probes Eugene, OR);
donkey anti-rabbit IGG conjugated to Cy3 or Alexa488.
In situ hybridization
Embryos were ﬁxed in 4% paraformaldehyde for 1 h, cryopro-
tected in 30% sucrose overnight, mounted in OCT embedding
media (Sakura Finetek Torrence, CA) and snap frozen. Embryos
were sectioned at 14 μm and imaged for ZsGreen ﬂuorescence,
followed by in situ hybridization for Cre expression (Brown and
Epstein, 2011). For the experiments described in Fig. 6, at least 14
sections were analyzed from a minimum of four embryos per
developmental stage.
EdU incorporation and quantiﬁcation of mitotic index
EdU was dissolved in sterile H2O and administered to pregnant
dams via intraperitoneal injection at a concentration of 50 mg/g of
body weight, 1 h prior to embryo harvest (Molecular Probes).
Embryos were ﬁxed in 4% paraformaldehyde at 4 1C for 2 h. EdU
incorporation was detected at room temperature with the Click-
iTs EdU Imaging Kit #C10339 (Molecular Probes). The staining
protocol was optimized for frozen sections using the following
modiﬁcations: 2100 PBS-Tween wash, 2100 3% BSA incubation,
300 incubation in the dark with Click-iTs reaction cocktail
assembled in the recommended order immediately prior to
application, 3% BSA wash, 2 PBS wash.
The mitotic index of GFPþ cells is presented as the average ratio
of GFPþ/EdUþ double-labeled cells divided by the total number of
GFPþ cells (n¼48–52 sections from six otic vesicles). The mitotic
index of all DAPIþ cells is presented as the average ratio of EdUþ
cells divided by the total number of DAPIþ cells (n¼52 sections
from six otic vesicles). The Cell Counter function in Image J (NIH)
was utilized for all cell counts. An unpaired t-test was performed
to determine the degree of signiﬁcance.
In reference to the results described in Fig. 7, the boundary
separating the dorsomedial domain from the ventromedial
domain and the dorsolateral domain from the ventrolateral
domain (for counting purposes) was determined according to
the following method. Upon measuring the extent of TopCre
expression along the medial wall of the otic vesicle at 23 and 25
somites, it was determined that on average Cre is expressed along
38.8% and 40.5%, respectively, of the medial wall (23 somites:
n¼38 sections from four vesicles, SEM 0.9%; 25 somites: n¼49
sections from four vesicles, SEM 0.9%). This measurement was
then transposed onto EdU/GFP stained tissue and indicated as the
expected boundary of Cre expression.
Results
Spatiotemporal distinctions in the fate of Wnt responsive cells in the
inner ear
To determine the fate of Wnt responsive cells at distinct
periods of otic development we made use of the TopCreER mouse
line, which expresses the tamoxifen inducible Cre-ERT2 recombi-
nase downstream of the Wnt responsive Top promoter (Indra
et al., 1999; DasGupta and Fuchs, 1999; Riccomagno et al., 2005).
TopCreER mRNA expression was conﬁned to dorsomedial cells of
the otic placode and cup at E8.5–E9.0 (12–19 somites), and to
dorsal cells of the otic vesicle between E9.5 (20–25 somites) and
E10.5 (35 somites), in a manner highly reminiscent of Topgal
(Fig. 1A–E; and Riccomagno et al., 2005).
Previous studies demonstrated that Wnt responsive cells in the
dorsomedial portion of the otic cup contributed not only to a variety
of dorsally derived inner ear structures but also, unexpectedly, to
ventral otic derivatives including the cochlea, saccule and cochlear
vestibular ganglia (cvg) (Riccomagno et al., 2005). To determine the
temporal window in which dorsally derived Wnt responsive cells
contribute to vestibular and auditory tissues we performed a
tamoxifen time course experiment. TopCreER males were crossed
with RosalacZ females, an inducible reporter line that permanently
activates lacZ expression in cells, and their descendants, after Cre
Fig. 1. Dorsomedial restriction in the otic expression of TopCreER mRNA. Transverse sections of whole mount stained embryos for TopCreER expression at distinct stages of
inner ear development: (A) early placode; (B) placode; (C) otic cup; (D) otic vesicle; (E) late otic vesicle. Somite stage of embryos is indicated. Scale bar: 100 mm in (A) also
applies to images in (B–D).
A.S. Brown et al. / Developmental Biology 399 (2015) 177–187 179
mediated excision of an upstream transcriptional stop cassette
(Soriano, 1999). Pregnant dams were administered a single dose
of tamoxifen on a given day of gestation between E7.75 and E12.5.
Embryos were then collected at E18.5 and stained with X-gal.
At each of the tamoxifen administration time points tested, the
majority of dorsally derived vestibular structures, including the
semicircular canals and associated cristae, common crus, endo-
lymphatic duct and utricle showed some degree of X-gal staining
(Fig. 2A–F). The anterior and posterior canals stained more uni-
formly when tamoxifen was administered at or prior to E10.5,
compared to later stages when Wnt/β-catenin signaling activity
becomes more restricted (Fig. 2A–F; Rakowiecki and Epstein,
2013). The lateral canal labeled sparsely throughout these experi-
ments due to the limited expression of Cre on the dorsolateral side
of the otocyst, the region from where progenitors of this canal
originate (Morsli et al., 1999).
X-gal staining in ventral otic derivatives, including the cochlear
duct and spiral ganglia, was only observed in embryos adminis-
tered tamoxifen between E7.75 to E9.5 (Fig. 2A–C), but not there-
after except for a scattering of cells in the vicinity of the spiral
ganglia (Fig. 2D–F). The negligible amount of X-gal staining in the
cochlea at E12.5 likely reﬂects the reduced sensitivity of the
TopCreER transgene to Wnt signaling during later stages of
cochlear morphogenesis, since other studies have demonstrated
a requirement for Wnt/β-catenin in the proliferation and speciﬁ-
cation of auditory hair cell progenitors between E12.5 and E14.5
(Jacques et al., 2012; Shi et al., 2014). These fate-mapping experi-
ments conﬁrm previous reports that vestibular and auditory
components of the inner ear derive from Wnt responsive cells in
the dorsal otic cup and further reveal the temporal window during
which TopCreER actively marks these lineages.
Auditory hair and support cells derive from Wnt responsive
progenitors in the dorsomedial otic cup
Our data indicate that a population of Wnt responsive cells in
the dorsomedial region of the otic cup contributes to the cochlear
duct. To determine the deﬁnitive fates of these cells, we performed
co-labeling experiments on inner ears isolated from TopCreER;
RosaZsGreen/þ embryos exposed to a single dose of tamoxifen bet-
ween E8.5 and E11.5 and harvested at E18.5. At this stage, most
cells in the organ of Corti have acquired their terminal identities,
which are readily distinguished by their location, morphology, and
expression of cell-type speciﬁc markers.
Serial sections cut in the transverse plane through the cochlear
duct of TopCreER; RosaZsGreen/þ embryos were imaged for GFP, to
detect Wnt responsive cells, and either atypical Myosin VIIa
(MyoVIIa), a marker of inner and outer hair cells, or the Prox1
homeoprotein, a support cell marker that labels pillar and Dieters’
cells (Hasson et al., 1997; Bermingham-McDonogh et al., 2006).
Extensive co-labeling was observed between GFP and MyoVIIa as
well as GFP and Prox1 when tamoxifen was administered between
E8.5 and E9.5 (Fig. 3A,B,E,F). GFPþ cells were also detected in
regions adjacent to the organ of Corti, including the greater
epithelial ridge, Hensen’s cells, Claudius’ cells, and spiral ganglia.
Co-labeling of hair, pillar and Deiters’ cells was scantly observed
upon tamoxifen administration at E10.5, whereas Hensen’s and
Claudius’ cells still showed some GFP staining (Fig. 3C and G). No
GFP staining was detected in the cochlea when recombination was
induced at E11.5, with the exception of a few cells in the vicinity of
the spiral ganglia (Fig. 3D and H). These ﬁndings indicate that a
signiﬁcant portion of the medial wall of the cochlear duct,
including hair and support cells in the organ of Corti derives, at
Fig. 2. Temporal dynamics in the fate of Wnt responsive cells in the inner ear. Whole mount views of X-gal stained inner ears (E18.5) exposed to tamoxifen at different
developmental time points to induce TopCreER dependent activation of RosalacZ. (A–C) The inner ears of TopCreER; RosalacZ embryos receiving tamoxifen between E7.75 and
E9.5 showed a high degree of X-gal staining in most dorsally derived vestibular structures including, the anterior and posterior semicircular canals (asc, psc) and associated
ampullae (aa, pa), endolymphatic duct (ed), and common crus (cc). Ample staining was also observed in the ventrally derived cochlear duct (cd) and cochleovestibular
ganglion (cvg). (D) Tamoxifen administration at E10.5 saw continued X-gal staining in vestibular structures, yet labeling in the cochlear duct was dramatically reduced. (E–F)
TopCreER; RosalacZ embryos exposed to tamoxifen at E11.5 and E12.5 showed consistently patchy X-gal staining in vestibular structures due to reduced TopCreER expression at
these stages. The cochlear duct was devoid of X-gal staining and sparse labeling was observed in the spiral ganglia.
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least in part, from a population of Wnt responsive cells in the
dorsomedial otic cup.
TopCreER labels hair cells along the length of the cochlear duct
Hair cell differentiation initiates at mid-basal levels of the
cochlear duct and then spreads in basal and apical orientations
(Chen et al., 2002; Kelley, 2006). Along the neural–abneural axis,
inner hair cells are the ﬁrst to mature, followed by outer hair cells
(Montcouquiol and Kelley, 2003). To determine whether the
distribution of Wnt responsive cells varied along the basal–apical
or neural–abneural axes of the organ of Corti over time, we
quantiﬁed the proportion of hair cells labeled with GFP at ﬁxed
positions along the cochlear duct at different tamoxifen adminis-
tration time points.
The percentage of GFP labeled hair cells peaked at 64721%
when recombination was induced at E8.5 and then progressively
declined to 35724% (E9.5) and 976% (E10.5) at later induction
times (Fig. 4A–E). Despite the temporal differences in labeling
efﬁciency, the distribution of GFPþ hair cells remained uniform
along the length of the cochlear duct. Moreover, GFP staining was
equivalent between inner and outer hair cells, with the exception
of a slight reduction in the third row of outer hair cells in apical
compared to basal regions when recombination was initiated at
E10.5 (Fig. 4E). Thus, the temporal kinetics of TopCreER activation
of RosaZsGreen precedes most biases in hair cell differentiation that
occur along the basal–apical and neural–abneural axes of the
cochlear duct.
Contribution of Gbx2CreER fate mapped cells to the cochlear duct
Given the unexpected nature of our ﬁndings that auditory hair
cells and support cells derive from Wnt responsive progenitors in
dorsomedial regions of the otic cup, we sought to conﬁrm that this
result was not an artifact of the TopCreER transgene. We therefore
repeated the fate mapping experiments with Gbx2CreER/þ , which
also directs CreER expression to the dorsomedial wall of the otic
cup and vesicle (Fig. 5A and B; Chen et al., 2009). Gbx2CreER/þ ;
RosalacZ/þ embryos receiving a single dose of tamoxifen at E8.5
showed X-gal staining in the inner ear, including the anterior and
posterior semicircular canals and associated cristae, endolympha-
tic duct, common crus, utricle, saccule and cochlear duct, which
strongly resembled the pattern displayed by TopCreER; RosalacZ/þ
embryos (compare Figs. 5C and 2B). The activation of lacZ
expression in the cochlear duct of Gbx2CreER/þ ; RosalacZ/þ embryos
was also evident when tamoxifen was administered at E9.5 and
E10.5, but not thereafter (Fig. 5D–F). X-gal staining in the vestib-
ular compartment of Gbx2CreER/þ ; RosalacZ/þ embryos was limited
to the endolymphatic duct and portions of the utricle and saccule
at tamoxifen induction times between E9.5 and E11.5 (Fig. 5D–F).
The fate of dorsomedial cells labeled with Gbx2CreER/þ; RosaZsGreen/þ
at E9.5, included hair cells and support cells in the organ of Corti, as
well as cells in the greater epithelial ridge, Hensen’s cells and
Claudius’ cells (Fig. 5G and H). These results conﬁrm with a second
independent Cre line, that auditory hair and support cells derive
from dorsomedial otic progenitors.
Ventral movement of Wnt responsive cells occurs in an
anteroposterior wave
Results from our tamoxifen time course experiments suggested
that Wnt responsive cells in the dorsomedial otic cup move out of
this territory at some point between E7.75 and E9.5 to occupy
ventral positions along the medial wall of the elongating cochlear
duct. To visualize the dynamic changes in the position of Wnt
responsive cells during this temporal window, we induced recom-
bination in TopCreER; RosaZsGreen/þ embryos at E7.75 and compared
the location of Cre expressing cells with respect to their GFPþ
descendants at the otic cup (E9, 17–19 somites) and early otic
vesicle stages (E9.5, 20–25 somites). When collected at the 17 to
19-somite stage, GFP staining in the posterior third of the otic cup
was restricted to a subpopulation of Cre expressing cells in the
dorsomedial segment (Fig. 6A–A0). Not all Creþ cells showed GFP
activation at this stage, likely due to the short period of time
between tamoxifen administration and embryo collection. At the
mid point along the anterior–posterior otic axis, Cre and GFP
staining were both conﬁned to the same dorsomedial region
(Fig. 6B–B0). Interestingly, in the anterior third of the otic cup,
GFP staining extended beyond the ventral boundary of Cre
expression, highlighting the ﬁrst evidence of a ventral-ward
displacement of Wnt responsive descendants (Fig. 6C–C0). At the
20–22 somite stage, GFP labeling in the posterior region of the
newly closed otic vesicle remained aligned with Cre expression
(Fig. 6D–D0). However, at this stage, GFP staining had now
surpassed the ventral limit of Cre expression in both mid and
anterior locations (Fig. 6E,E0–F,F0). The ventral ward displacement
of GFPþ cells continued to advance in a posterior direction such
that by the 23–25 somite stage, the ventral boundary of GFP
Fig. 3. Hair and support cells in the organ of Corti derive fromWnt responsive progenitors. Transverse sections through the cochlear duct of TopCreER; RosaZsGreen/þ embryos
(E18.5) exposed to tamoxifen at different developmental stages. (A–D) Co-labeling of the GFPþ (green) Wnt responsive lineage with MyoVIIaþ (red) hair cells. Inner and
outer hair cells (ihc, ohc) showed co-labeling (yellow) when tamoxifen was administered between E8.5 and E9.5, but not thereafter. (E–H) Co-labeling of GFP (green) and
Prox1 (red) a support cell marker that labels pillar (p) and Dieters’ (d) cells. Support cells showed co-labeling (yellow) when tamoxifen was administered between E8.5 and
E10.5, but not thereafter. GFP staining was also detected in cell types adjacent to the organ of Corti, including the greater epithelial ridge (ger), Hensen’s cells (h), Claudius’
cells (c), and spiral ganglion neurons (sgn).
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staining had surpassed that of Cre at all positions along the
anteroposterior axis of the otic vesicle (Fig. 6G–J, G0–I0). The
discordance in Cre and GFP expression in the ear was only
observed along the ventromedial wall, as these markers remained
relatively ﬁxed at the dorsolateral extent of their expression
domains.
Fig. 4. TopCreER marks hair cells along the entire length of the cochlear duct.
(A) An optical section through the cochlear sensory epithelium of an E18.5
TopCreER; RosaZsGreen/þ embryo exposed to tamoxifen at E8.5. The cochlea was
immunostained with an antibody against MyoVIIa (red). GFP (green) was visualized
by direct ﬂuorescence. The majority of hair cells show co-labeling (yellow). (B–E)
Bar graphs displaying the percentage of TopCreER labeled hair cells at distinct
positions along the cochlear duct upon tamoxifen administration between E7.75
and E10.5. The maximum number of TopCreER labeled inner and outer hair cells
was observed when tamoxifen was administered at E8.5. The third row of outer
hair cells showed a signiﬁcant reduction in labeling at the apex compared to mid
and basal levels when exposed to tamoxifen at E10.5 (Po0.01). Error bars
represent s.e.m.
Fig. 5. Gbx2CreER/þ labels cells contributing to both vestibular and auditory
structures. (A and B) Transverse sections of Gbx2CreER/þ embryos at otic cup
(17 somite) and otic vesicle (20 somite) stages showing dorsomedial localization
of Cre mRNA expression. (C–F) Whole mount views of X-gal stained inner ears
(E18.5) exposed to tamoxifen at indicated developmental time points to induce
Gbx2CreER dependent activation of RosalacZ. Tamoxifen administration between E8.5
and E10.5 labels vestibular and auditory structures, whereas after E11.5, labeling is
restricted to the endolymphatic duct. (G and H) Transverse sections through the
cochlear duct of Gbx2CreER/þ ; RosaZsGreen/þ embryos (E18.5) exposed to tamoxifen at
E9.5 showing GFP co-labeling with MyoVIIaþ hair cells and Prox1þ support cells.
Abbreviations: anterior semicircular canal, asc; posterior semicircular canal, psc;
anterior ampulla, aa; posterior ampulla, pa; endolymphatic duct, ed; cochlear duct,
cd; utricle, utr; saccule, sac; greater epithelial ridge, ger; inner hair cell, ihc; outer
hair cells, ohc; support cells, sc.
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Fig. 6. Wnt responsive cells are displaced ventrally over time from their dorsomedial origin in the otic cup/vesicle. Transverse sections through the inner ears of TopCreER;
RosaZsGreen embryos administered tamoxifen at E7.75 and collected at otic cup (E9.0, A–C), early closure (E9.25, D–F) and otic vesicle (E9.5, G–I) stages of ear development.
Each section was stained for Cre expression by in situ hybridization. The panels marked with a prime (0) are the same sections as above imaged for GFP ﬂuorescence (green).
The Cre and GFP images were superimposed to position the ventral boundary of Cre expression (dashed black line) on the GFP panel (dashed white line). The ﬁrst GFP cells to
become ventrally displaced from their Cre expressing descendants – green cells falling below the dashed line – occurred in anterior regions of the otic cup (C–C0) and then
progressed over time to include medial (E–E0 , H–H0) and posterior (G–G0) regions of the otic vesicle. (J) Graphical representation of the percentage of sections at each stage
and region demonstrating GFP discordance with Cre expression. Scale bar: 100 mm. Error bars represent s.e.m.
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To exclude the possibility that the anterior to posterior wave of
ventral-ward movement of Wnt responsive cells was due to the
migration of anterior labeled cells to more posterior otic regions,
we analyzed Ngn1Cre;RosatdTomato embryos to assess the fate of
cells in anteroventromedial positions of the otic vesicle. At no
point were these anteriorly labeled cells ever detected in posterior
portions of the otic vesicle, ruling out an anterior to posterior
migratory stream (Fig. S1). Taken together, our fate mapping
experiments reveal that Wnt responsive cells in dorsomedial otic
regions move ventrally according to a spatiotemporal sequence
that initiates in the anterior otic cup at, or immediately prior to,
the 17-somite stage and then spreads posteriorly over the course
of 16 h, reaching the posterior pole of the otic vesicle by the
25-somite stage.
Proliferative status of Wnt responsive cells
Given the frequent association of the Wnt/β-catenin pathway
with mitogenic activity, we wondered whether the ventral displa-
cement of Wnt responsive cells correlated with enhanced prolifera-
tion. EdU incorporation experiments revealed that the mitotic index
of GFPþ cells was equivalent between dorsomedial (Creþ) and
ventromedial (Cre) otic regions of 23–25 somite stage embryos
and did not differ from that of all cells (GFPþ and GFP) in this
territory (Fig. 7A–K). Nonetheless, the mitotic index of dorsal otic
progenitors was signiﬁcantly increased on the dorsomedial (Wnt
responsive) compared to dorsolateral (Wnt unresponsive) sides
of the otic vesicle, particularly in medial and anterior regions
(Fig. 7E,F,K). This ﬁnding may explain the preferential expansion
of GFPþ cells along the medial otic wall. Moreover, the intercalation
of proliferating cells (GFP , EdUþ) between GFPþ progenitors may
also contribute to their ventral displacement (Fig. 7I, arrows).
Finally, GFPþ cells were occasionally observed several cell dia-
meters from their nearest GFPþ neighbors (Fig. 7G, arrow head),
which is consistent with, but not proof of, migratory behavior. Thus,
proliferative forces and possibly directed cell migration may explain
the ventral movement of Wnt responsive cells along the medial side
of the otic vesicle. Deﬁnitive conﬁrmation of these cellular beha-
viors must await the results of live imaging experiments.
Discussion
Spatiotemporal dynamics of CreER mediated reporter activation
Our lineage tracing experiments determined that Wnt respon-
sive progenitors in the dorsal otic cup contribute to not only a
variety of dorsally derived vestibular structures but also to ventral
inner ear fates, including auditory hair and support cells, during a
brief temporal window between 17 and 25 somites (E9–E9.5).
Genetically inducible fate mapping is a powerful strategy to reveal
the developmental lineage of distinct cell types over time (Jensen
and Dymecki, 2014). However, without prior knowledge of the
spatiotemporal dynamics of Cre activity, results from these experi-
ments may be subject to misinterpretation. Three aspects of our
analysis increase our conﬁdence in the validity of our ﬁndings.
First, TopCreER expression is dorsally restricted throughout the
early stages of otic development in a pattern highly reminiscent of
Topgal – a sensitive reporter of Wnt signaling activity (Fig. 1 and
Riccomagno et al., 2005). Second, the initial activation of
RosaZsGreen closely matches TopCreER expression in dorsal otic cells
and only becomes discordant over time, when GFPþ cells are
displaced ventrally. This result suggests that the ventralward
movement of labeled cells, rather than ectopic TopCreER transcrip-
tion, accounts for the ventral GFP staining. Finally, the corrobora-
tion of our principal ﬁndings with a second independent Gbx2CreER
strain increases the likelihood that they are not attributed to
artifacts of either CreER mouse line.
Our tamoxifen time course experiments allowed us to label and
trace the fates of TopCreER and Gbx2CreER expressing cells at distinct
stages of inner ear development. When recombinationwas induced on
or prior to E9.5, GFP expressing cells were observed in a steady
ventralward stream along the medial wall of the otic vesicle. However,
when tamoxifen was administered at slightly later stages, reporter
activation in the cochlear duct was far less dynamic. The residual
labeling of the auditory sensory epithelium in embryos receiving
tamoxifen after E9.5 (TopCreER) and E10.5 (Gbx2CreER) is likely a
consequence of slow Cre protein turnover in cells that have previously
moved out of the Wnt responsive territory and are no longer actively
transcribing Cre mRNA. This observation is consistent with previous
work showing that Cre protein is stable for at least 40 h in mammalian
cells (Sauer and Henderson, 1988).
Wnt signaling, migratory behavior, and the evolutionary origin of the
sensory epithelium
The description of cell movements during inner ear development
is not without precedent. Streit (2002) observed extensive cell
mixing and rearrangements between otic and non-otic cells prior
to otic placode formation in the chick. Kil and Collazo (2001) also
observed cell movements during the formation of sensory organs in
frogs. Of particular signiﬁcance was the recent report of an otic
placode fate map using chick-quail chimeras (Sánchez-Guardado
et al., 2014). In this study, a quail graft of the dorsal most ectoderm
adjacent to future rhombomere 6 was shown to contribute to the
sensory epithelium (basilar papilla) in the anterior portion of the
cochlear duct of a chick host. Thus, the derivation of auditory sensory
epithelial progenitors from dorsal otic regions may be a common
feature of tetrapods as they adapted the cochlea as a hearing organ.
It is a widely held view that the inner ear of ancestral vertebrates
functioned primarily as a vestibular device to detect angular and linear
acceleration (Duncan and Fritzsch, 2012). During their adaptation to
terrestrial life, vertebrates slowly acquired the ability to capture and
transform air-borne sound vibrations into electrical signals through
the evolution of middle ear bones, a dedicated auditory structure and
appropriate neurotransmission pathways (Fritzsch et al., 2007;
Sienknecht, 2013). The inner ear components of the auditory appara-
tus, including the cochlear duct, sensory epithelium and associated
nerve, emerged as ventral outgrowths of the otic vesicle, likely thro-
ugh the duplication and cooption of preexisting vestibular structures.
It is intriguing to speculate that the canonical Wnt signaling
pathway, which is essential for vestibular morphogenesis and
sensory cristae speciﬁcation at early stages of otic development
(Riccomagno et al., 2005; Rakowiecki and Epstein, 2013), was
appropriated for additional use to facilitate the ventral displace-
ment of prosensory progenitors along the medial wall of the
cochlear duct. This model provides a compelling explanation for
why Wnt1 /; Wnt3a / double mutants exhibit cochlear out-
growth defects, despite the selective loss of Wnt signaling activity
in dorsal otic regions (Riccomagno et al., 2005).
The Wnt pathway has been implicated in the regulation of cell
movements in a variety of systems (Whangbo and Kenyon, 1999;
Barker et al., 2007; Ahtiainen et al., 2014). For instance, the fate
mapping of Wnt responsive cells in the intestinal epithelium dem-
onstrates that cells generated at the base of the cript migrate in
vertical coherent columns along the cript–villus axis to replenish
older differentiated cells at the villus tips (Barker et al., 2007). Wnt
signaling orchestrates the proliferative pressure that drives the
upward movement of intestinal epithelial cells and also regulates
their migratory properties by controlling the expression of
Eph/ephrin signaling components (Batlle et al., 2002). Eph/ephrin
signaling is associated with several aspects of inner ear development
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and hair cell innervation (Cowan et al., 2000; Coate et al., 2012;
Defourny et al., 2013; Raft et al., 2014), but a speciﬁc role in auditory
hair cell formation and/or cochlear morphogenesis has yet to be
reported, possibly due to functional redundancy between the large
number of family members expressed in the ear (Saeger et al., 2011).
It will be interesting to determine whether similar mechanisms act to
facilitate the migration of Wnt responsive progenitors in the gut and
inner ear.
Conclusions
Our lineage tracing experiments reveal that the majority of hair
and support cells within the organ of Corti derive from a population
of dorsomedial otic progenitors that become ventrally displaced
during a 16-h window between 17 and 25 somites. Similar results
were observed with both TopCreER and Gbx2CreER mouse lines. These
ﬁndings demonstrate that Wnt responsive progenitors in the dor-
somedial otic cup are the earliest known origins of the cochlear
sensory epithelium. Furthermore, these two CreER mouse lines may
be useful tools for the conditional inactivation of genes prior to their
expression in auditory hair and support cells, or for the selective
labeling of early otic progenitors in embryonic stem cell cultures
with the potential to give rise to the sensory epithelium.
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